Abstract-The problem of pitch angle control the Quanser/LAAS "Helicopter" benchmark laboratory setup is studied. Based on the passification design method and "Implicit Reference Model" approach, two adaptive control laws for are designed and experimentally tested. The MATLAB/Simulink and WinCon software environment is used for adaptive control laws implementation and the real-world experiments. The experimental results demonstrate high closed loop system performance and robustness of the suggested control laws with respect to parametric uncertainties and unmodeled plant dynamics.
I. INTRODUCTION
Recently various computer-controlled equipment units have been described in the literature: cart-pendulum [1] , [2] , Furuta pendulum [3] , pendubot [4] , magnetic levitation systems [5] , etc. The usage of such an equipment is threefold. First, it may be used for demonstration, attracting newcomers to the control systems area. Secondly, it is used for education, allowing students to enhance their skills in control systems design. Finally, such units are useful for research since they may serve as testbeds for testing new control algorithms under real world constraints. One of impressive laboratory setups is a laboratory-scale bench-top three degrees of freedom (DOF) helicopter produced by Quanser Consulting Inc., [6] . This setup was modified under demand of LAAS to form the "LAAS Helicopter Benchmark" [7] , allowing to test 3D flight control algorithms under time-varying conditions. Control problems for helicopter laboratory units attracted an increasing interest recently [8] , [9] , [10] , [11] , [12] , [13] In our paper the results of design and testing of adaptive control algorithms for "LAAS Helicopter Benchmark" are presented. Using adaptive control for laboratory equipment has an advantage that the requirements to the controlled system model are significantly reduced and control design is simplified compared with traditional approaches. However, achieving a better performance of the adaptive control system compared to the traditional ones in the real-world applications is a matter of continuing interest and research activities [10] . In this research we attack the problem using adaptive control method based on passification, see [14] , [15] , [16] for "LAAS Helicopter Benchmark" pitch angle control.
In Section II the description of "LAAS Helicopter Benchmark" is presented. Passification based adaptive control is outlined in Section III. Two adaptive control laws of "Helicopter" pitch angle are described in Section IV. Experimental results are presented in Section V.
II. QUANSER/LAAS "HELICOPTER" BENCHMARK
The 3DOF helicopter setup is manufactured by Quanser Consulting Inc., [6] , [8] . Its improved version is used in the MAC Group of LAAS as a benchmark for implementation and testing the robust control laws. The "Helicopter" setup consists of a base on which a long arm is mounted. The arm carries the helicopter body on one end and a counterweight on the other end. The arm can tilt on an elevation axis as well as swivel on a vertical (travel) axis. Quadrature optical encoders mounted on these axes measure the elevation and travel of the arm. The helicopter body is mounted at the end of the arm. The helicopter body is free to pitch about the pitch axis. The pitch angle is measured via a third encoder. Two motors with propellers mounted on the helicopter body can generate a force proportional to the voltage applied to the motors. The force generated by the propellers causes the helicopter body to lift off the ground. All electrical signals to and from the arm are transmitted via a sliping with eight contacts. The system is also equipped with a motorized lead screw that can drive a mass along the main arm in order to impose known controllable disturbances (the so-called Active Disturbance Option, ADS). 
III. IMPLICIT REFERENCE MODEL CONCEPT FOR ADAPTIVE CONTROL
Theoretical background of passification-based design of adaptive control systems with Implicit Reference Model (IRM) may be found in [14] , [15] , [16] , [17] , [18] . Some essentials of the method are outlined below.
Consider a linear time invariant (LTI) system (A, B,C) described in the state-space form aṡ
where
is Hurwitz; strictly minimum phase (SMP), if it is minimum phase and the matrix CB is nonsingular (detCB = 0); hyper minimum phase (HMP), if it is minimum phase and the matrix CB is symmetric and positive definite. Theorem 1 (Feedback Kalman-Yakubovich Lemma, [14] , [17] , [18] , [19] ): Let rank B = m (i.e. the matrix B is of full rank) and let G be a symmetric negative semidefinite n × n-matrix. Then the following statements are equivalent: (A1) There exist a positive definite n × n-matrix H and an n × m matrix K such that the relations
hold. (B1) The system (1) is HMP.
Note, that if the condition (B1) is satisfied then a matrix K in (3) can be found in the form K = −αC where α is a sufficiently large positive real number. Theorem 1 gives conditions of solvability of matrix inequalities related to classical Kalman-Yakubovich Lemma (KYL) with a feedback matrix [16] , [19] and has various applications in control theory since the 1970s. It provides also solvability of the system passification by means of static output feedback. In this paper Theorem 1 is applied to design of adaptive control systems with Implicit Reference Model [14] , [15] . Let the LTI SISO system (1) be described in the input-output form as follows:
where u, y are the scalar variables, 
given polynomials specifying the desired properties of the closed-loop system. G(λ ) is assumed to be stable (Hurwitz) polynomial. Note that the signal σ (t) may be treated as equation error for the equation
because σ (t) = G(p)ε(t), where ε(t) = y(t) − y * (t). Supposing that σ ≡ 0 one sees that the controlled variable y(t) satisfies equation (6) . Hence (6) 
where k r (t), k i (t) (i = 0,...,l) are tunable parameters. Take the adaptation algorithm as follows: p) is bounded by the amount of available derivatives of r(t) and is subjected to designer's decision. Note also that a matching condition in the form used for the model reference adaptive systems [20] is not needed for IRM adaptive controllers. The order of reference equation (6) is equal to l and can be significantly less then the plant model order n. Moreover, the true plant order need not to be known for adaptive controller design.
The IRM approach can be used for real-time tuning of standard controllers [15] . For instance, consider proportionalintegral (PI) control law in the main loop:
where e(t) = r(t) − y(t) is the tracking error, k P (t), k I (t) are tunable controller parameters. Take the second order IRM as follows:
where p ≡ d / dt. T , ξ are design IRM parameters, describing desirable closed-loop system behavior. After integration and filtering the adaptation error signal σ can be obtained as follows:
where y f (t), e f (t) are outputs of the low-pass filters with the pass band ω f driven by the signals y(t) and e(t) correspondingly. The adaptation algorithm (8) in this case takes the forṁ
Secondly, consider application of FKYL to design of the variable-structure systems (VSS) [25] and the signalparametric adaptive controllers [16] , [21] , [24] . Consider the LTI plant (1) and the control objective lim t→∞ x(t) = 0. Let the subsidiary objective be taken as maintaining the sliding mode on plane σ = Gy = 0, where G is a l × n-matrix. Let us take the control action in the form
where γ > 0 is the gain parameter. As it is shown in [18] , [22] , the above goal is achieved in the system (1), (13) if there exist matrix P = P T > 0 and vector K * such that
As it is clear from FKYL, the mentioned condition is fulfilled if and only if the function GW (s) is SMP, where W (s) = C sI n − A) −1 B, and the sign of the high frequency gain GCB is known. In that case for sufficiently large γ holds lim t→∞ x(t) = 0. To eliminate dependence of system stability from initial conditions and plant parameters it was suggested to use instead of (13) the following "signal-parametric", or "combined", adaptive control law [21] 
where Γ = Γ T > 0, γ > 0. It should be noted that the convergence σ (y(t)) to zero at the finite time t * is essential for VSS systems. It can be shown (see, e.g. [18] , [23] ) that this property is valid for any bounded region of initial conditions for the system (1), (14) .
IV. ADAPTIVE PITCH ANGLE CONTROL DESIGN FOR
"HELICOPTER" BENCHMARK Based on the above approach two adaptive pitch angle controllers with implicit reference model are developed and implemented in the MATLAB/Simulink and WinCon software environment. The first control law is the Signal-parametric adaptive control law (SPAD-IRM1). The second one is the Adaptive PID control law (APID-IRM1).
A. Nomenclature
The following notation is used hereafter: θ (t) stands for the pitch angle, deg; 1 r(t) is the pitch reference signal, deg; e(t) = r(t) − θ (t) is the pitch reference error, deg; v f (t) denotes the front motor controlling voltage, V ; v b (t) is the back motor controlling voltage, V ; u(t) stands for the pitch (torque) command signal, V ; w(t) is the elevation/travel (force) command signal, V .
The front and back motor controlling voltages v f (t), v b (t) are calculated through the command signals u(t), w(t) in the following way:
B. Signal-parametric adaptive control law (SPAD-IRM1)
In accordance with SPAD-IRM1, the pitch command signal is evaluated as follows:
where σ (t) is the IRM error, τ > 0, δ > 0 are design parameters (δ represents the level of the relay component of the controlling signal). The controller gains k 1 (t), k 2 (t) are changed by means of the following algorithm:
where γ 1 , γ 2 are the adaptation gains (design parameters); α 1 , α 2 are the parametric feedback gains (design parameters); k 0 1 , k 0 2 are the base ("guessed") values of the controller gains; sat E (e) denotes the saturation function sat E (e) = e, if |e| ≤ E, E sign e, otherwise.
After a few real-world experiments with the "Helicopter" setup, the following recommended control law parameters are found by trial and error: τ = 0.5 s; δ = 0.5V ; E = 25 deg;
The pitch command signal is calculated as
where e(t) is given by (2) . The adaptation algorithm for parameters k 1 (t), k 2 (t) is same as (4); the value of integral gain k 0 is taken as constant design parameter.
The following control law parameters are found as recommended:
D. Implementation of the Adaptive Controllers in MAT-LAB/WinCon Software Environment
The adaptive controllers are implemented by means of two SIMULINK programme modules:
• model ada -control law SPAD-IRM1, Eqs. (1) A number of testing real-world experiments has been provided to evaluate the system performance in the case of parametric uncertainties and unmodeled plant dynamics. Both modules achieve good accuracy. The transient time for command (reference) signal changing within 40 degrees does not exceed 5 s for algorithm SPAD-IPM and 8 s for algorithm APID-IPM. The transient performance of the closed loop system is higher than that of the controller supplied by Quanser Co. The experimental results demonstrate high closed loop system performance and confirm robustness of the suggested control laws with respect to parametric uncertainties and unmodeled plant dynamics as well. 
VI. CONCLUSIONS
In the paper the design and experiments on passification based adaptive control of the pitch angle for LAAS Helicopter benchmark are presented. The results demonstrate ability of both signal-parametric and adaptive PID controller to control the pitch angle with good performance. The signalparametric controller provides faster transients, at the price of more forced control regime. The adaptive PID controller in the contrary, ensures more smooth and slow processes with moderate control level. Its transients are typically 1.5 times longer than those provided by the signal-parametric controller.
An important advantage of adaptive control is simplicity of the design procedure compared to conventional model based approach [8] . Further research should be aimed at design of adaptive controller for full 3D motion control.
